Abstract. The MHD activity of plasma configurations with reversed magnetic shear has been investigated on the FTU tokamak. In the presence of pairs of surfaces with the same rational value q = m/n of the safety factor, double-tearing modes are excited which give rise in most cases to bursts of sawtooth-like profile rearrangements. More stable regimes have also been found, in which the activity is dominated by rotating saturated modes. In a particular case with q(0) ≈ 2.8 and q min ≈ 2.5 a discharge without any detectable MHD activity during the current flat-top has been obtained. In high-temperature regimes (T e ≈ 8 keV at n e ≈ 0.8×10 20 m −3 ), an irregular activity has been detected near the plasma centre which could be due to the excitation of resistive interchange modes.
Introduction
Plasma configurations with reversed magnetic shear have shown reduced transport in the plasma core and should allow a high normalized Troyon factor β N at high bootstrap current fraction; furthermore the peaked pressure profiles resulting from improved confinement in the region between the centre and the off-axis minimum of the safety factor q tends to give a well aligned bootstrap current. Thus such a scenario is particularly interesting in view of steady-state reactor operation.
The MHD stability of these configurations is a relevant issue. While ideal ballooning modes are stable in the region with negative values of the magnetic shear s = rq /q, the presence of pairs of q = m/n resonances around the minimum q can excite double-tearing modes; in addition peaked pressure profiles can destabilize resistive interchange and infernal modes and at sufficiently high β the external kink mode can become unstable. Infernal and B384 P Buratti et al kink modes are relatively well studied β-limiting instabilities, whereas resistive modes can grow below the β-limit and possibly trigger internal mixing or even major disruptions. Sawtooth-like crashes ascribed to double-tearing modes have been observed on several experiments [1] [2] [3] [4] , while the resistive interchange instability has been invoked to explain localized MHD bursts in DIII-D discharges with peaked pressure profiles [5] .
In this paper we will present and discuss experimental results on MHD activity in FTU plasmas with reversed magnetic shear obtained within several operating scenarios, namely impurity accumulation in ohmic discharges, off-axis lower hybrid current drive (LHCD) and early electron cyclotron resonance heating (ECRH) on fast current ramps. The different kinds of MHD activity observed in each scenario can be divided into two main categories: sawtooth-like crashes and stationary oscillations. The former will be the subject of section 2. Stationary regimes also include a discharge without any detectable activity and will be described in section 3. A discussion of the results in the light of the main features of resistive MHD theory will be given in section 4.
Sawtooth-like double-tearing reconnections
Bursts of double-tearing relaxations have been systematically observed by the ECE polychromator in ohmic discharges when strong central radiation losses give rise to persistently hollow electron temperature profiles [6] and then to nearly steady-state hollow current density profiles. Up to 40 nearly periodic relaxations have been found in each burst. These relaxations resemble the sawtooth activity, in the sense that they exhibit a sudden crash at the off-axis temperature peak, a well defined inversion radius and a diffusive behaviour outside a inversion radius. Also the relaxation period (3-12 ms) is in the range of the FTU sawtooth period. There is, however, a remarkable difference, in fact the central temperature channels are not affected by the relaxation (figure 1), i.e. the temperature rearrangement is an annular crash; core crashes are indeed observed, but only at the end of each burst (figures 2 and 3).
The temperature rearrangement at the relaxation is in agreement with the Kadomtsev reconnection model [7] , applied to the non-monotone q profiles that are obtained both from conditioned MHD equilibrium reconstruction and from resistive diffusion calculations: in the presence of a pair of resonant surfaces q(r s1 ) = q(r s2 ) = q s = m/n, a core crash can occur only if r s1 is close enough to the centre (see section 4). There are, however, several observations at variance with the model, in particular the existence of post cursors and of composite relaxations (figure 4).
During the sequence of relaxations, the inner resonance gradually shrinks until the last one or two crashes encompass the plasma centre and eject the accumulated impurities; as a consequence, the temperature profile reverts to peaked and the shear reversal is lost. In the following quiescent phase, impurity accumulation can occur again and give rise to another burst of relaxations with lower q s (resonant q s = 4, 3, 2 and 3/2 have been identified, whereas larger values of q s are observed, but not so clearly identified). During the current flat top the discharge usually evolves into a q s = 1 sawtoothing plasma, but sometimes sawtooth-free discharges with sporadic q s = 3/2 (or in a few cases q s = 2) crashes are observed (see section 3).
Non-monotone q profiles have also been obtained by off-axis LHCD on the flat-top of sawtoothing discharges with a plasma current of 350 kA and a magnetic field B 0 = 5 T at the magnetic axis (these discharges are targets for 140 GHz ECRH). Upon injection of 1.1 MW of 8 GHz LH power with 75
• phasing, sawtooth oscillations are readily suppressed (only two or three are detected after LH switch-on), and, about 100 ms later (i.e. about one resistive diffusion time), the first annular double-tearing reconnection appears (figure 5). For the given plasma current and LH power, a densityn e > 0.9 × 10 20 m −3 is needed to access this regime [8] .
In the presence of LH driven supra-thermal electrons the ECE measurements are not reliable and soft x-ray profiles are used to infer the spatial structure of the relaxation. During the double-tearing sequence the central region is increasingly affected by the relaxations, although the profiles remain peaked. The relaxation period is less regular than in ohmic discharges, due to the fact that the crashes themselves can modify the antenna-plasma coupling [8] ; this lack of control often leads to disruptions. Large m = 2 islands have been observed to coexist with relaxations, likewise in ohmic discharges with sporadic q s = 1.5 crashes (see section 3).
The problems encountered in off-axis LHCD on sawtoothing ohmic targets could be alleviated using targets with q min > 1.5. In order to obtain such targets in a reproducible way, an experimental campaign has been initiated [8, 9] aimed at exploiting the skin effect enforced by the early injection of ECRH power at 140 GHz (figure 6). ECRH pulse length and power were 100 ms and 350 kW, respectively. Current ramp rates of 5 MA s Annular, and in some cases core profile rearrangements, occur in most discharges with early ECRH (figure 7). The main features of these events are quite different from the previously described ones: annular crashes show an m = 2 precursor with a period of 200 µs which slowly grows for a few periods and then suddenly rises to a large amplitude. Following the island growth, the temperature decreases at the centre and increases outside the inversion radius (that is 45% of the minor radius) in 100-500 µs, while the large island persists for 5-10 ms. In core crashes the precursor is much larger and the central temperature drops in less than 25 µs ( figure 8) .
A few tens of milliseconds after the disappearance of the m = 2 island, a small internal mode with odd parity is observed, which is likely to have m = 3, n = 2 mode numbers. A short time later sawtooth oscillations set in.
Stationary regimes

Discharges with saturated modes
In discharges with shear reversal induced by off-axis LHCD at B = 4 T, a more stable MHD regime was entered after a double-tearing relaxation leading to a strong profile rearrangement [2, 8] . The new regime is characterized by two saturated helical distortions of the equilibrium that manifest themselves as oscillations in the soft x-ray and Mirnov signals ( figure 9 ). The tomographic reconstruction shows an m = 1 kink distortion of the plasma core, while the Mirnov coils detect a large amplitude m = 2, n = 1 mode (the poloidal field perturbation reaches 2.5%). The two distortions rotate as a whole at a frequency of 100-150 Hz. The equilibrium reconstruction, conditioned by the shape of the pressure profile as given by Thomson scattering, gives a very broad shear reversal region with a minimum q ≈ 2 at half radius (figure 10), in agreement with Faraday rotation data. This configuration is sustained for up to 400 ms (i.e. for several resistive diffusion times), until the end of the LH pulse. After LH switch-off the shear reversal is lost in about 50 ms and sawtooth activity starts. A similar activity has also been observed to last for the whole current flat-top in suprathermal ohmic discharges. A nearly stationary regime has also been obtained in ohmic discharges with a q min ≈ 1.5 and q edge ≈ 6.8; the main activity in this case is a saturated m = 2 mode and only a few double-tearing crashes with q s = 1.5 or q s = 2 are detected during the current flat-top. This regime was exploited successfully for the first transport studies with ECRH on negative shear regions [2] .
High-temperature discharges
Discharges with early central ECRH and peak temperature in excess of 7 keV invariably show irregular small oscillations in the central temperature channels ( figure 7) ; the spatial scale of these oscillations is much smaller than that of double-tearing reconnections; however, such an activity limits the attained peak temperature; this is evident from the fact that, just before the appearance of a q = 1 region, which is marked by the onset of fast m = 1 oscillations, the activity is quenched and the peak temperature increases by more than 1.5 keV (figure 11).
Quiescent discharges
This regime is probably the most interesting one from the operative point of view. Until now it has only been obtained in ohmic discharges with q 0 ≈ 2.8 and q min ≈ 2.5 ( figure 12 ); in this case no detectable MHD activity is present during the whole current flat-top.
Discussion
The observation of annular temperature crashes is consistent with the kinematics of the Kadomtsev reconnection model applied to the hollow current profile as obtained from conditioned MHD equilibrium reconstruction. According to the Kadomtsev prescription, in the reconnection process plasma regions are mixed with the same value of the helical flux function
where r is the flux surface minor radius averaged and projected on the cylindrical geometry and R 0 is the major radius of the torus. In the presence of two resonant surfaces q(r s1 ) = q(r s2 ) = m/n, with r s1 < r s2 , ψ mn has a minimum at r s1 and a local maximum at r s2 . If ψ mn (0) > ψ mn (r s2 ), i.e. if the decrease of helical flux between the centre and the first resonance exceeds the increase between the resonances, the mixing does not reach the plasma centre and an annular crash occurs; in other words if r s1 and q(0) − m/n are large enough, there is a magnetic barrier which screens the central region. During a burst of relaxations in ohmic discharges the inner resonance radius progressively shrinks, the barrier is lowered and at the end a core crash becomes possible. The Kadomtsev model gives a prescription for a reconnected state with minimum energy, but, apart from the discrepancies noted in section 2, it leaves at least two open questions: under which conditions does a saturated helical distortion set in instead of a full reconnection, and what is the trigger mechanism for a fast precursorless crash? Some insight into these questions can be gained by inspecting the linear stability theory.
The linear double-tearing stability theory which was developed in slab geometry considering two narrow resistive layers around the resonant surfaces, separated by a Newcomb region, predicts [10] that when the resonant surfaces are close enough to one another, the growth rate scales with the Lundquist number S according to γ ∝ S −1/3 and then the mode growth is faster than magnetic-field diffusion across the resistive layer. This is the condition to also have exponential growth in the nonlinear stage of the instability, as verified by numerical calculations in toroidal geometry [11, 12] both for the m = 1 mode and for double-tearing modes with m 2. On the other hand, when the distance between the resonances is large enough, the growth rate scaling becomes γ ∝ S −3/5 , the magnetic perturbation has time to diffuse across the tearing layer (i.e. the constant ψ approximation is verified) and the mode can saturate at a finite amplitude [11, 13] . Such a transition in the instability regime can explain the onset of the regime with large, saturated islands which, as reported in section 3, occurs when the shear reversed region becomes very broad. The trigger mechanism could also depend on such a transition, since, in the constant ψ regime, the mode can be stabilized by various effects like diamagnetic rotation or sheared flow [14] [15] [16] , which can be abruptly suppressed when the S −1/3 regime is entered. According to linear theory, the instability regime is regulated by the ratio between the ideal growth rate γ H (which is negative at low β ) and the internal resistive kink growth rate γ R [10, 16] . Ifλ H = γ H /γ R −1 we have the constant ψ regime γ ∝ S −3/5 ; if |λ H | 1 the resistive kink regime is entered so that γ = γ R ∝ S −1/3 ; finally ifλ H 1 the system is ideally unstable and γ = γ H .
For a single-tearing layer with resistivity η and mass density ρ, we have γ R = τ
, where τ A = √ µ 0 ρR 0 /B 0 is the Alfvén time, S = τ R /τ A is the Lundquist number and τ R = µ 0 r 2 /η is the resistive diffusion time. We recall that n is the toroidal mode number and s is the shear at the rational surface. In order to get a clue to the factors that determine the stability regime of a configuration with double resonance, we evaluatê λ H assuming, for simplicity, that the resonances are close to the minimum q radius r = r m and then that the two resistive layers are at the same distance d from r m , have opposite shear and can be characterized by the same values of τ A and τ R .
Using the analytic expression for the growth rate worked out in [17] we arrive at The first term in the square brackets represents the line bending stabilizing effect; the second term, which arises from the Mercier effect, is stabilizing as well for q m > 1 and monotone pressure profiles. The third term is due to toroidal coupling ( is a functional of the equilibrium) and is responsible for the double kink ideal instability at high β.
The line-bending term increases strongly withd: for example, for the m = 2, n = 1 mode at β = 0, if r m = 0.1 m (i.e. 1/3 of the FTU minor radius) andL j = 1.5, a normalized distanced > 0.2 is sufficient to giveλ H −1, i.e. to bring the system far from marginal ideal stability.
On the other hand, the Mercier term increases for smalld, so that the combination of the two stabilizing effects can completely impede the access to the resistive kink regime. With the parameters given before this happens if |β | > 2 × 10 −4 ; this value is exceeded in most FTU discharges with peaked-temperature profiles, provided that the minimum q lies in the high gradient region; for example, in the shot presented in section 3.1, |β | = 3 × 10 −3 . The discharges with early ECRH have extremely high-pressure gradients |β | = 10 −2 and show in most cases double-tearing crashes, despite the large value of the Mercier term; this behaviour can be due to the destabilizing role of the toroidal coupling term, as confirmed by resistive instability calculations performed by the MARS code [18] .
According to the scheme based on theλ H parameter, sawtooth-like crashes can be avoided provided that the resonant surfaces with low m are distant enough from one another, or that the pressure gradient in the region between the resonances lies between a relatively low threshold and an upper critical value.
The small activity observed in the core of high-temperature discharges (see section 3.2) could be ascribed to resistive interchange modes that are destabilized by the large pressure gradient in presence of negative shear, in fact, using the measured pressure profiles and the current profiles calculated by a resistive diffusion code, the D R stability criterion [18] turns out to be violated.
The fully quiescent discharge owes its stability to the fact that the minimum poloidal mode number for which a double resonance is possible is m = 5 or more (depending on whether the q s = 2.5 resonances are really present in the plasma).
Conclusions
Tokamak configurations with reversed magnetic shear can be affected by double-tearing relaxations. In the case of shear reversal induced by the accumulation of metallic impurities, these relaxations play the same role as sawteeth, in the sense that they flatten the temperature profile and eject the impurities. In the more interesting case of shear reversal produced by early ECRH on fast current ramps, the central temperature peak can be cut down by m = 2, n = 1 reconnections and, with off-axis LHCD, the control of the current profile can be lost during the relaxations and consequently disruptions can occur. A more stable LHCD regime has, however, been found, in which the sudden relaxations are substituted by saturated modes. Finally, it has been demonstrated that the MHD activity can be completely suppressed, provided that q 0 < 3 and q min ≈ 2.5.
